Despite the many advances in our understanding of the genetic basis of Mendelian forms of Parkinson's disease (PD), a large number of early-onset cases still remain to be explained. Many of these cases, present with a form of disease that is identical to that underlined by genetic causes, but do not have mutations in any of the currently known disease-causing genes. Here, we hypothesized that de novo mutations may account for a proportion of these early-onset, sporadic cases. We performed exome sequencing in full parent-child trios where the proband presents with typical PD to unequivocally identify de novo mutations. This approach allows us to test all genes in the genome in an unbiased manner. We have identified and confirmed 20 coding de novo mutations in 21 trios. We have used publicly available population genetic data to compare variant frequencies and our independent in-house dataset of exome sequencing in PD (with over 1200 cases) to identify additional variants in the same genes. Of the genes identified to carry de novo mutations, PTEN, VAPB and ASNA1 are supported by various sources of data to be involved in PD. We show that these genes are reported to be within a protein-protein interaction network with PD genes and that they contain additional rare, case-specific, mutations in our independent cohort of PD cases. Our results support the involvement of these three genes in PD and suggest that testing for de novo mutations in sporadic disease may aid in the identification of novel disease-causing genes. †
Introduction
Although the detailed aetiology of Parkinson's disease (PD) remains largely unknown, data suggest the disease may be triggered through different mechanisms: protein inclusions accumulation, diminished mitochondrial activity, proteasomal/ lysosomal dysfunction and impaired dopamine production (1) . An increasing number of publications show a strong genetic component for PD. Studies in familial forms of PD have allowed for the identification of disease-causing mutations in several genes, causing either dominant or recessive forms of disease inheritance. Genome-wide association studies (GWAS) have also significantly contributed to a more comprehensive knowledge of the risk loci involved in PD (2) . Despite these results, there is still a large number of sporadic, early-onset cases that carry no mutation in the known PD genes. These individuals have, in many cases, a form of disease that is indistinguishable from genetically linked disease.
De novo mutations have been commonly studied in neurodevelopmental disorders such as autism (3) (4) (5) and schizophrenia (6, 7) with only a few examples in neurodegenerative diseases. De novo mutations in the ATP1A3 gene have been found as the cause for rapid-onset dystonia parkinsonism (8) , while Rosewich et al. (9) reported de novo mutations in this gene in alternating hemiplegia of childhood. De Carvalho Aguiar and colleagues (10) showed one de novo mutation in TOR1A in a primary torsion dystonia case. Two cases of static encephalopathy of childhood with neurodegeneration in adulthood showed mutations in WDR45 (11) . In all these cases, patients start to show symptoms during childhood or adolescence.
Recently studies have suggested the involvement of de novo mutations in other neurodegenerative diseases, such as in early-onset Alzheimer's disease (AD) (12, 13) and amyotrophic lateral sclerosis (ALS) (14) (15) (16) (17) .
There is also preliminary evidence supporting the role of de novo mutations in PD: Puschmann and colleagues (18) reported on a presumably de novo A53T mutation in SNCA and nonmendelian multiplications of the gene (19, 20) have also been shown. More recently, Hansen and collaborators (21) described two mutations in the SLC6A3 gene (encoding the dopamine transporter, DAT1), one of which was presumed to be de novo. It should be noted however that in both the SNCA A53T and the SLC6A3 cases, the authors were not able to positively confirm the presence of de novo mutations, given the absence of parental DNA samples.
Here, we hypothesize that a subset of early-onset PD cases, with no mutations in any of the known PD-causing genes, may be due to the occurrence of de novo mutations. We used wholeexome sequencing in full parent-child PD trios to unequivocally identify these events.
Results
From the systematic analysis of the whole-exome sequencing data, 24 genes showed de novo mutations in the trios. We validated 20 of the 24 variants with Sanger sequencing methods (Table 1) comparing sequences from both parents with the proband (examples for the three genes of interest in Fig. 1 ). The four variants not validated were false positives from the exome sequencing. We have identified, on average, one de novo coding event per trio, which is in line with what would be expected for the human population (22) ( Table 2 ). Only four of the variants identified have been previously described in population databases: the variants in EPPK1, COL12A1, PEPD and SLC52A1 have low frequencies ranging from 0.00003 to 0.003 in Exome Aggregation Consortium (ExAC). All other variants are presumably novel as they are absent from tested databases. PD cases did not show any potential pathogenic mutations in the known PD genes-all variants identified in those genes were either frequent in the general population, present in the unaffected parents, located in not conserved residues or predicted to be benign by PolyPhen and SIFT (23, 24) .
From the protein network analysis of the 20 validated de novo mutation carrying genes, PTEN, VAPB, ASNA1, PML and VPS53 showed interactions with the known PD genes (Fig. 2) . However, VPS53 and PML did not show high interaction scores with disease-causing genes. Robust functional interactions with known PD genes were identified for the three remaining candidates. (Table 3 and Fig. 2) .
A total of 10 interactions were observed between proteins corresponding to genes containing de novo variants and proteins corresponding to known PD genes. This is significantly higher than expected by chance (P = 0.009), however, after correcting for the total numbers of interactions observed for each protein, the result does not retain statistical significance (P = 0.162). Five out of the ten interactions involved PTEN. Nevertheless, this number was not significantly higher than expected by chance (P = 0.226), after correcting for the large total number of interactions involving PTEN.
Seventy-four interactions were observed between the proteins corresponding to the 33 known PD genes. This is significantly higher than expected by chance (P < 0.000001). Several individual proteins showed a significant excess of interactions, even after correcting for the multiple testing of proteins. The interaction network between the proteins corresponding to PD genes is shown in Supplementary Material (see Supplementary Material, Table S1 and Fig. S1 ).
Interestingly, when taking into account the allele frequency from the ExAC database for all the genes studied here, we observed the lowest total number of variants normalized by protein size to be present in the three genes with higher interaction with known PD genes-PTEN, VAPB and ASNA1 (see Supplementary Material, Fig. S2 ), suggesting these may be under stronger selection pressure.
The International Parkinson's Disease Genomics Consortium (IPDGC) dataset shows 2 missense and 1 frameshift mutations in PTEN (all in PD cases, no rare variants were found in controls); 4 missense, 1 frameshift and 1 stop-gained mutations in ASNA1; and 5 missense and 1 deletion mutations in VAPB. With the exception of three common variants in VAPB, all others are exceedingly rare in the population (Table 4 ) and heterozygous in the IPDGC dataset.
The frameshift mutation in PTEN (NM_000314:c.955_958de-lACTT:p.Thr319*) was identified in a case from the IPDGC dataset with positive, albeit limited, family history for PD: the proband's father developed the disease in his 50s. Samples from both parents and unaffected sibling were available. After testing for segregation in the limited family, we observed that the mutation in PTEN is, in all likelihood, de novo, since it is absent from either parent, and thus unlikely to cause the disease in this family. However, we should note that the age at onset is noticeably different between the affected father and the proband in this family (54 years in the father and 38 years in the proband).
When looking at the cases with confirmed de novo mutations in the genes with a functional interaction with known PD causing genes, these showed a typical presentation of PD.
The PTEN de novo mutation carrier, aged 23, is a British Caucasian male who noticed a left-sided thumb action tremor. Gradually, the tremor progressed to be present at rest and to involve his left arm. Four years later, he developed gait difficulties with some shuffling and stumbling. During the same period the tremor spread to involve his right arm as well, and at the age of 28 he was diagnosed with young-onset Parkinson's disease (YOPD). He was started on carbidopa/levodopa with significant improvement on his gait but no effect on the tremor. Only two years after treatment, he developed drug-induced dyskinesias. At the time his treatment had consisted of carbidopa/levodopa, rasagiline and ropinirole, and, thus, amantadine was added. Age 32 and due to clinical progression and particularly more severe dyskinesias, the patient underwent bilateral deep brain stimulation of the subthalamic nucleus with very good response. Currently, at the age of 36, he suffers from off-periods, has difficulties speaking, as well as increased urinary urgency. His medication consists of carbidopa/levodopa, entacapone, rasagiline, ropinirole and amantadine. The VAPB de novo mutation carrier is a 44-year-old Caucasian man of British descent, who first noticed a left arm rest tremor at the age of 41. He also complained of shoulder stiffness on the same side and some difficulties in performing fine tasks with his left hand. Clinical examination revealed asymmetric parkinsonism (left>right side) and a subsequent dopamine transporter SPECT scan (DaTSCAN) confirmed the presence of a presynaptic dopaminergic deficit corresponding to the more affected body side. He was diagnosed with YOPD. Treatment was commenced with rasagiline and subsequently pramipexole was added.
The ASNA1 de novo mutation carrier developed PD at an age of 40 years. The first symptom was reduced right arm swing, soon followed by tremor, muscle stiffness, dexterity, gait and writing difficulties. At age 43 he experienced fatigue, constipation and freezing. The father is healthy and the mother suffers from rheumatoid arthritis. The family history for PD is negative. 
Discussion
This is the first study to systematically screen for de novo mutations in early-onset sporadic PD using parent-proband trios. We performed exome sequencing in 21 trios and found 20 de novo mutations (19 single nucleotide variants and one in-frame deletion). All probands were heterozygous in those positions. The genes screened are involved in a variety of functions from poly (A) polymerase activity to ubiquitin-binding protein (see Supplementary Material, Table S2 ) and some are thought to be involved in known PD pathways. PTEN, the phosphatase and tensin gene, has functions in neuronal migration, neuron number regulation and apoptosis in response to oxidative stress (25) . PTEN somatic downregulation has been linked to tumours, neural proliferation and is being proposed as a target for neuroprotection in PD cases (26, 27) , whereas PTEN mutations in the germline have been linked to developmental neurological diseases (28) . Mutations in PTEN are mainly linked to macrocephaly, autism and ataxia (29) (30) (31) (32) .
We found novel variants in PTEN. One of our trio-based proband showed a de novo missense mutation in PTEN ( p.P204S). Interestingly, mutations in PTEN seem to be rare: there is only one stop-gained and one frameshift in ExAC for a total of 149 coding variant alleles out of ∼120 000. Similarly, in our IPDGC dataset we found a relatively small number of variants in PTEN: four synonymous mutations, two missense mutations ( p.N69D and p.N117S) and one frameshift, all of them very rare or nonexistent in the population (Table 4 ). The two missense mutations are from patients with sporadic PD and the patient with the frameshift mutation has a reported positive familial history of PD. Although the frameshift mutation did not show segregation in this family, it is remarkable that it is another apparent de novo mutation in a case with a much lower age at onset than the affected father.
The delicate equilibrium of the various functions of PTEN means that it is often difficult to interpret genetic variability in this gene. PTEN transcriptionally activates PINK1, which is downregulated in the event of PTEN ablation (33, 34) . PINK1 variants are responsible for PD through a mechanism that is thought to involve oxidative stress caused by mitochondrial dysfunction. PTEN was also linked to the induction of cytochrome c oxidase activity and ATP production in mitochondria (34) . On the other hand, PTEN induces cell death and inhibits the PI3K/Akt signalling that reduces inflammation and promotes cell proliferation and survival (26) . Furthermore, DJ-1 physically binds to PTEN negatively regulating its activity which, in turn, upregulates PI3K/Akt pathway (35) .
PTEN has a large range of activities and cellular locations in a variety of cells. Different mutations in this gene can affect PTEN activity and localization in different ways (36) . Deletion of the N-terminal domain PBM (residues 1-15) impedes PTEN interaction with the plasma membrane [see (37) for PTEN protein structure]. When the phosphatase domain (residues 15-185) is mutated, there is a reduction in phosphatase activity and an increase in PI3K/Akt activity. The C2 domain (residues 185-351) inhibits cell migration. The C-tail domain (residues 351-401) is important for interactions with transmembrane proteins and a 2 bp C-terminal PDZ-binding domain (36) . Most of the mutations described for developmental anomalies are missense mutations and appear mainly on the phosphatase and C2 domains, e.g. (30,32,38,39) . In addition, a variant can The total scores are computed by combining the probabilities from the different evidence channels (co-expression, experimental, knowledge, text-mining), correcting for the probability of randomly observing an interaction, as described in STRING′s documentation. affect the gene's function only in specific subcellular localizations. In 2007 Trotman and colleagues (40) described a missense mutation p.K289E that did not affect the membrane localization of PTEN, but the protein was not present in the nucleus. Another nuclear mislocalization was apparent when mutations were present in the ATP binding motifs at the residues 60-73 and 122-136 (41). This nuclear mislocalization was observed in AD cases with the redistribution of PTEN to the cytoplasm into intracellular neurofibrillary tangles and senile plaques (42) . VAPB is involved in vesicular and endosomal trafficking and was identified in ALS cases (43) (44) (45) . VAPB expression levels are significantly lower in the spinal cord of ALS cases (46) . Furthermore, missense mutations in VAPB protein such as p.P56S and p.T46I cause intracellular ubiquitinated aggregates that predominantly affect motor neurons and induce motor neuron death (43, 45) .
We found a de novo in-frame deletion of a valine residue at position 25 ( p.ΔV25) in VAPB. Only one other deletion in VAPB was documented, p.ΔS160, which is common in the population and any association with ALS was discarded (47) . Interestingly, there are only two high impact variants in VAPB in the ExAC dataset: two nonsense variants each in a single sample, out of >60 000 individuals.
Structural studies indicate human VAPB protein is organized in three main conserved domains consisting of the N-terminal major sperm protein (MSP) domain from residue 1 to 125, the coiled coil (CC) domain from residue 151 to 195 and the C-terminal transmembrane (TM) domain including the remaining residues until residue 243 (48) . The MSP is very important in VAPB as it is the domain that binds to the FFAT (two phenylalanines in an acidic tract) motif of lipid-binding-proteins and is involved in the ubiquitination pathway. VAPB binds through that domain to proteins such as STX1A and STX1B, p97 ATPase and ASNA1 (49) . Misfolding of MSP domain induces the formation of the aggregates and the binding site becomes unavailable on the endoplasmic reticulum (50) .
As Gupta et al. (48) noticed, the p.T46I and p.P56S missense mutations that cause ALS are located in the MSP. On the other hand, the p.ΔS160 deletion, located on the CC is common and does not cause ALS. Additionally, another study detected a missense variant p.D130E that showed no prevalence in cases (51) and falls between the MSP and the CC domains. Mutations in the MSP could be the leading cause for the dysfunction in the motor neurons. Nevertheless, some evidence in Drosophila is starting to show that mutations in the C-terminal TM can cause neurodegeneration in the corresponding variant p.V234I in humans (52) .
Our results follow the same trend. The identified de novo p.ΔV25 deletion is absent in the general population and is located in the MSP. The mutations p.R19L and p.L125 M identified in the IPDGC dataset, both from sporadic cases, are also in the MSP (Table 4) , are not present in the general population and only the latter shows two heterozygous cases in ExAC. When moving towards the CC in the IPDGC dataset, we find the frequent p.D130E and p.ΔS160 variants mentioned above, and two extra missense mutations ( p.M170I and p.R184Q) with higher frequencies in the general population.
We found the VAPB de novo variant in a trio with two additional de novo variants in COL12A1 ( p.R754Q) and RUNDC3A (p.C108F). COL12A1 was associated with myopathy (53) and the only association to a neurodegenerative disease is its decreased amount in the cervical spinal cord of patients with ALS (54). COL12A1 presented 96 variants in the IPDGC dataset (see Supplementary Material, Table S3 ). In contrast, RUNDC3A presented five mutations, three of them rare and observed only in patients. Due to the fact that this trio presented three confirmed de novo variants, it is not possible to say with certainty, which, if any, is associated with the disease. However the fact that VAPB directly interacts with known PD genes strongly argues in favour of the involvement of this gene.
The results at VAPB and PTEN, which have both been shown to be involved in disparate phenotypes, fit nicely with the growing body of evidence suggesting that pleiotropic events are a greatly underappreciated event in human disease (55) .
For ASNA1, we found one de novo missense mutation p.L303V in one of the trios not present in any database. High impact variants in this gene seem rare, with mainly missense variants present in ExAC and only three frameshifts (1 allele each) and one stop-gain mutations. In the IPDGC dataset, we see a similar trend with only seven rare variants. The missense variants in IPDGC (Table 4) were identified in patients presenting with positive familial history of PD (variants: p.L61V and p.R65C); and early-onset sporadic PD (variant p.L208V). ASNA1 is known to have a function in transporting proteins as a part of the transmembrane recognition complex (TRC). Interestingly, ASNA1 has been shown to bind to VAPB (49), although a role in human neurodegenerative diseases has still to be investigated.
In conclusion, we have identified de novo mutations in early-onset, sporadic PD cases. We have used publicly available population genetic data and our in-house dataset of exomesequenced PD cases and controls to replicate and confirm our findings. From our list of confirmed de novo mutations, three genes are particularly interesting, as they have been reported to interact with known PD genes and present rare, case-specific variants in our large cohort of PD cases.
It is plausible that some of the apparently sporadic PD cases are due to recessive or compound heterozygous mutations in genes yet to be associated with disease; however we did not identify any better recessive candidates in these trios.
The present study has some shortcomings that we are not able to immediately address. The sample size is small; unfortunately it is very difficult to identify PD cases with both parents available for genetic analyses. The methodology used, although appropriate and in line with what has been previously published for de novo mutations in disease, misses a significant amount of genetic variability, particularly in the form of non-coding variants. Additionally, apparently de novo variants can actually be inherited from a parent that has low-level mosaicism for that variant. This is a difficult issue to address [as recently shown by Acuna-Hidalgo and colleagues (56) ] and would require very high sequencing coverage, perhaps even of multiple tissues, in all individuals and is thus beyond the scope of the present work. In addition, definitive proof of pathological significance for PD can only be achieved by one of the following: identifying the same mutation in complete segregation in large families, identifying multiple families with even limited segregation of the same variants or functional studies of the protein harbouring the mutations showing altered function.
On the other hand, we have been able to screen, in an unbiased manner, a cohort of over 1200 PD cases and 400 controls for mutations in all of the genes identified in our trio study, having confirmed the presence of rare, case-specific mutations in the same genes.
De novo mutations may be a vastly underappreciated cause of apparently sporadic forms of adult-onset disease, such as PD. We show de novo mutations in genes, which are known to interact with known PD-causing genes, and we suggest these may be responsible for the disease in these cases.
Material and Methods
We performed whole-exome sequencing in 21 full trios. Criteria for inclusion of cases were based on age at onset (<40 years), typical presentation of PD with negative family history, absence of pathogenic mutations in any of the known PD genes and availability of both parents for genetic studies. All cases included are of European descent.
Exomes for the 21 trios were captured using Illumina's Nextera Rapid Capture according to the manufacturer's recommendations. Indexed and pooled libraries were then sequenced on Illumina's HiSeq2000 (100 bp, paired-end) to a mean target coverage of 30×. Reads were mapped to GRCh37 using bwa-mem (0.7.12) and followed GATK Best Practices for v3 (57) . Briefly, this consisted of flagging duplicate reads, realignment around indels, base recalibration and variant calling on all trios simultaneously using the HaplotypeCaller tool. Variant qualities were then recalibrated as described in DePristo et al. (58) . After obtaining a high quality variant set, we performed a genotype-refinement protocol, as described in (http://gatkforums.broadinstitute.org/ discussion/4723/genotype-refinement-workflow). This protocol uses population and pedigree priors to improve estimates of genotype likelihoods, providing higher quality variant calls.
To confirm all relationships and identify unreported familial relationships, we performed identity-by-descent (IBD) estimation for all pairs of individuals. The proportion of IBD was obtained with PLINK (59) and varied between 0.35-0.45 for the trio pairs of each parent with the descendant, and equal to zero between parents and all the remaining pairs. The lower end of the spectrum of IBD values is due to lower variant qualities in some samples.
We used three publicly available resources to extract genomewide variant frequency data: the Exome Sequencing Project (ESP6500) (60), the 1000 Genomes Project (Oct 2014) (61) and the ExAC (62) .
Sanger sequencing was used to confirm the presence of all de novo mutations identified by whole-exome sequencing. Primers designed for this validation are shown in the Supplementary Material (see Supplementary Material, Table S4 ; PCR conditions used are available upon request). Table 1 shows each of the transcripts used as basis for annotation of the variants identified.
Protein-protein interactions and functional protein associations were defined with STRING v10 (63) . The input consisted of a list of known PD genes (64) , and genes containing validated de novo variants. We considered total scores above 0.400 (medium confidence) that correspond to the combination of four different scores: co-expression, experimental, knowledge and text-mining. The total number of interactions between proteins corresponding to genes containing de novo variants and proteins corresponding to known PD genes was calculated, as was the number of such interactions involving the protein corresponding to de novo gene in turn. The significance of these quantities was assessed by randomly positioning the proteins corresponding to de novo and known PD genes on the interaction map such that each protein is mapped to a protein with the same total number of interactions (to avoid potential bias caused by the genes of interest having large numbers of interactions, thus being likely to interact with each other by chance). The number of interactions between each de novo protein and PD proteins, and the total number of such interactions, was calculated on the randomized map and compared with that observed in the actual data. This process was repeated 1 000 000 times to obtain P-values. Correction for multiple testing of proteins was performed by comparing the maximum number of interactions for any single protein in each simulated dataset to the number of interactions observed for each protein in the real data. A similar procedure was used to test for an excess of interactions between the proteins corresponding to known PD genes. It should be noted that throughout the text, interactions are defined as per STRING's definitions and in many cases these are only predicted, without experimental evidence.
Finally, we extracted information for genes of interest from in-house data, produced within the IPDGC. This dataset consisted of a total of 1715 samples exome-sequenced with 1243 of diagnosed PD cases and 472 controls. Details from this dataset have been previously published (65) .
Supplementary Material
Supplementary Material is available at HMG online.
